All relevant data are within the paper and its Supporting Information files and at NCBI. All ITS sequence files are available from the NCBI database (accession numbers MG650259-MG650287; MG745439-MG745668).

Introduction {#sec001}
============

Insect pollinators are vital to our ecosystem and food supply. Multiple interacting factors threaten pollinator species richness and population size, including disease, pesticides, climate change, and lack of adequate forage \[[@pone.0191050.ref001], [@pone.0191050.ref002]\]. While many of these factors are beyond our immediate control due to a variety of economic and geopolitical challenges, nutrition is something that we might be able to make greater progress on through informed landscape management decisions \[[@pone.0191050.ref003]\]. These decisions rely on basic information about the nutritional value of pollens for individuals and, in the case of social insect pollinators like honey bees, their colonies.

Honey bees consume pollen and nectar from flowers. Nectar provides carbohydrates and small amounts of other nutrients, while pollen provides the bulk of the insect's protein and lipid requirements. Pollen is a key component of honey bee individual and colony health, impacting growth, longevity, and immunocompetence \[[@pone.0191050.ref004]--[@pone.0191050.ref024]\]. While foragers consume large amounts of nectar and honey to provide the energy for flight, nurse worker bees ("nurses", \~5--15 days of age \[[@pone.0191050.ref025]\]) eat large amounts of pollen in order to fuel the growth and secretory activity of their hypopharyngeal glands (HGs). These paired secretory glands in the head secrete the major protein fraction of the jelly fed via trophallaxis to larvae, adult workers, and queens in the hive. HGs are sensitive to pollen intake, and a hallmark of nurse pollen deprivation is their small HGs, which actively degrade in response to pollen deprivation \[[@pone.0191050.ref013]\]. HG development is also sensitive to pollen source, with different pollens and pollen mixtures contributing to this variability \[[@pone.0191050.ref005], [@pone.0191050.ref006]\]. But despite detailed data on the plant taxon diversity and nutrient content of pollens that result in HG growth \[[@pone.0191050.ref004], [@pone.0191050.ref006]\], it is still unclear what components of these pollens encourage HG growth.

Many herbivorous insects prefer diets that best meet their nutritional needs and that provide a homeostatic benefit \[[@pone.0191050.ref026], [@pone.0191050.ref027]\]. Honey bees are polylectic, but when they are provided with a variety of plants to forage on they tend to concentrate their efforts on certain plant taxa \[[@pone.0191050.ref028]--[@pone.0191050.ref031]\]. One reason for this may be that these preferred plants provide a greater nutritional reward. However, in contrast to bumblebees \[[@pone.0191050.ref032]--[@pone.0191050.ref036]\], it is not entirely clear from the literature whether honey bees choose pollens according to its nutritional value \[[@pone.0191050.ref032], [@pone.0191050.ref037]--[@pone.0191050.ref042]\]. Multiple studies find that foragers do not prefer high- versus low-quality pollens \[[@pone.0191050.ref038], [@pone.0191050.ref043]\]. Pernal and Currie found that foragers do not recruit to pollens that rescue experimentally-imposed protein deficiencies, but instead rescue these deficiencies by foraging more overall \[[@pone.0191050.ref040]\]. Additionally, Leonhardt and Blüthgen \[[@pone.0191050.ref032]\] found that honey bees collect lower-quality pollens than bumblebees foraging in the same area, suggesting that honey bees do not have the same capacity as bumblebees to evaluate pollen quality. However, recent work suggests that honey bees do, in fact, choose diets based on their quality. For example, Hendriksma and Shafir \[[@pone.0191050.ref044]\] found that honey bee foragers that were fed for a week with flours deficient in certain amino acids preferred flour-based diets that complemented those deficiencies once these diets were provided. Zarchin *et al*. \[[@pone.0191050.ref045]\] later showed that foragers fed pollens deficient in certain fatty acids for 2--5 days preferred pollens that were then provided afterwards that complemented these deficiencies. Importantly, both studies showed that foragers could discriminate the diets based on odor, providing a mechanism for how foragers might choose these complementary diets. But in a colony, foragers do not consume and digest most of the pollen; nurses do \[[@pone.0191050.ref046], [@pone.0191050.ref047]\]. Nurses are also the most sensitive to hive pollen deficiencies and should be the first ones to communicate their pollen needs to foragers. Indeed, pollen-starved nurses do communicate these needs to foragers, presumably through touch or trophallaxis of non-proteinaceous substances \[[@pone.0191050.ref048]--[@pone.0191050.ref051]\]. This nurse-forager communication as well as the foragers' direct assessment of pollen stores \[[@pone.0191050.ref052]--[@pone.0191050.ref055]\] and brood pheromone \[[@pone.0191050.ref056]\] can stimulate pollen foraging. But what happens when the quality, and not necessarily the quantity, of pollen is insufficient to meet brood-rearing activities in the hive? These complex and intimate signals between nurses, who consume and possibly evaluate the pollen, and foragers may be especially important for increasing foraging efficiency in environments containing both high- and low-quality pollens.

If nurses communicate their needs to foragers, the assumption is that nurse bees can first assess resource quality, determine if it meets their needs, and communicate to the foragers whether the diet is adequate or not. We were particularly interested in the first part of this assumption, that nurse bees assess pollen quality. In paired choice experiments, nurses optimize their intake of essential amino acids and carbohydrates in order to maximize their survival \[[@pone.0191050.ref057]\], suggesting that they can evaluate their diet and consume higher quality diets accordingly. However, the liquid diet provided in \[[@pone.0191050.ref057]\] was arguably less complex than pollen, which is made up of a thin exine layer surrounding a nutritious intine. We reasoned that, if nurses assessed the quality of pollen diets, choice experiments would indicate higher consumption of the more nutritious pollens compared to the less nutritious pollens. We therefore conducted a series of experiments in nurse-aged honey bees to explore the connection between pollen nutrition and choice. We first catalogued the nutritive properties and plant taxon richness for three different pollens collected by honey bees. We then tested whether nurse bees chose more nutritious pollens over others. We also conducted similar tests using supplemented pollen and liquid diets to further test whether nutrition plays a role in choice. Although the nutritional value of the three pollens differed, nutrition did not influence choice. This suggests that, although certain pollens provide a greater benefit per unit of consumption, honey bee nurses either cannot or do not discriminate among pollens based on nutrition.

Materials and methods {#sec002}
=====================

Source pollens {#sec003}
--------------

Three types of honey bee-collected pollens were used for the assays described below: "almond" pollen collected in California in February of 2014, "desert" pollen collected in Tucson in the spring of 2015, and "Southeast" ("SE") pollen purchased from Durham's Bee Farm ([www.durhamsbeefarm.com](http://www.durhamsbeefarm.com/)) in the fall of 2015. All pollens were kept at -20°C while in the hands of the USDA-ARS Carl Hayden Bee Research Center (CHBRC) staff. 17g of each pollen sample was subjected to a full panel (204 compounds) test of pesticide residues by the National Science Laboratories, USDA-AMS, Gastonia, NC, USA, using the QuEChERS method \[[@pone.0191050.ref058]\]. A list of all of the pesticides tested and their limit of detection is given in [S1 File](#pone.0191050.s001){ref-type="supplementary-material"}.

The source of the pollens was investigated using ITS DNA sequencing and microscopy. The ITS DNA sequence was determined for each of the samples based on the methods of Little et al. \[[@pone.0191050.ref059]\] and Wilson et al. \[[@pone.0191050.ref060]\] using a sample of 30mg of each ground pollen. The eluted DNA was subjected to PCR using the ITS primers and PCR protocol described by Little et al. \[[@pone.0191050.ref059]\] in a 25μl reaction using GoTaq (Promega) according the manufacturer's directions. The PCR product was visualized on a 1% agarose gel stained with SYBR Safe DNA gel stain (ThermoFisher), cut out, purified and cloned. 100--110 colonies were picked and subjected to a PCR with M13F (`5’-CGCCAGGGTTTTCCCAGTCACGAC-3’`) and M13R (`5’-TCACACAGGAAACAGCTATGAC -3’`) primers. The PCR product was directly sequenced at UAGC (<http://uagc.arl.arizona.edu/>). The vector was removed from the resulting sequence and the sequence was characterized using the NCBI BLAST algorithm (Altschul et al. 1990). Representative ITS sequences were deposited in the NCBI nucleotide database under accession numbers MG650259-MG650287. Light microscopy was conducted at the Texas A&M University Palynology Laboratory. The pollens were first incubated with glacial acetic acid for 3.5 hours and then acetolyzed (1 part sulfuric acid: 9 parts acetic anhydride) with heat (80°C) for 10 minutes. The pollen was then rinsed in glacial acetic acid then 3 times with dH~2~O, and ethanol was added. Three sub-samples were taken from the tube, combined, and the ethanol was removed. 10--12 drops of glycerin were added and the sample was mixed thoroughly. A small drop of this mixed sample was mounted onto a 75 x 25 mm slide with a glass coverslip and examined at 400x and 1000x using an Olympus BX41 microscope. A minimum of 210 pollen grains were classified for each of the samples.

Pollen nutrient analyses {#sec004}
------------------------

The soluble protein content of 1g of each type of ground pollen was measured using a BCA Assay Kit (Thermo Fisher Scientific) according to the manufacturer's directions. Amino acid content was examined at the Proteomics and Mass Spectrometry Facility at the Danforth Plant Science Center. The samples were transferred to glass vial inserts and incubated with 200μl of performic acid for 30 min at room temperature in the dark. The samples were then dried with a Speed Vac and hydrolyzed with 0.5% phenol/6M HCl under vacuum. The samples were dried again and resuspended in 100μL 20mM HCl and the amino acid content was analyzed using Ultra-Performance Liquid Chromatography with the AccQ-Tag Ultra Derivatization Kit (Waters). The column and solvents were also purchased from Waters. The samples were initially diluted by 10 and further dilutions or concentrations were made to bring the signal within the linear range of the assay; these adjustments were accounted for in the final calculations. 1μL of the reaction was injected. The concentration of each amino acid was determined (pmol/μL) against a series of standards run before the samples.

The content of fatty acids and sterols in each pollen type was analyzed at the Proteomics and Mass Spectrometry Facility at the Danforth Plant Science Center. The content of individual fatty acids was assayed using FAME analysis. The samples were weighed and dispensed into a screw top glass tubes. 2.5 mL of 2.5% H~2~SO~4~ in methanol, 25 μL of BHT (0.2%) and 30 μL of C17:0 TAG (10mg/ml) was added. The samples were heated at 85°C for 2 hours. Fatty acid methyl esters were extracted with hexane and analyzed with a Thermo Trace GC-FID using a 0.25μm x 30 M HP Innowax column. The content of the sample oil was calculated based on the internal standard 17:0 TAG. Final oil content was normalized by the initial weight of the sample. For sterol analysis, 100mg of each pollen was extracted with 400μL hexane. The samples were homogenized in a Tissue Lyser II at 20 Hz for 10 min. Solids were collected by centrifugation and 1μl of each was analyzed with GC-MS using a Thermo Trace Ultra/ITQ 900 and a 0.25μm x 30 M Phenomenex ZB5-MSi column. The concentrations of the sterols that were detected were determined using a cholesterol standard curve for reference. Lastly, the total lipid (free fatty acid) content of each pollen was determined using a vanillin assay as described in \[[@pone.0191050.ref003], [@pone.0191050.ref061]\].

Source bees {#sec005}
-----------

Five, 10 frame colonies headed by *Apis mellifera ligustica* queens from a commercial queen breeder in California supplied the bees for this experiment. The colonies were maintained for over a year at the CHBRC in Tucson, Arizona, USA and were compositionally equivalent. Sealed brood frames from these five colonies were placed into a hive box in a temperature-controlled room (33°C ± 1°C). All adults that emerged over an 18h period were collected for further use.

Effects of different pollens on hypopharyngeal gland size {#sec006}
---------------------------------------------------------

Emerged young adults (≤18h old) were placed into plexiglass cages (11.5cm × 7.5cm × 16.5cm) with wire screen on either side for air flow. Bees fed pollen were given distilled water, 50% sucrose (w/v), and one of the three types of loose pollen. The sugar, water, and pollens were provided *ad libitum*. Bees deprived of pollen were fed only 50% sucrose and water *ad libitum*. Five cages were constructed for each treatment, yielding a total of 20 cages (5 cages x 4 treatments). Each cage contained 100 bees. Dead bees were removed each day; fewer than 5 bees died within each cage over the course of the experiment. Consumption was measured for each of the cages supplied with pollen as the total grams of pollen consumed by the bees in the cage over 8d.

The HGs of bees fed each diet were measured to investigate whether pollen type impacted HG size and to determine the nutritional value of each pollen. At 8d of age, 10 bees were collected from each cage and flash frozen in liquid nitrogen and maintained at -70°C until their glands were measured. For each bee, the HGs were dissected into a PBS buffer and between 10 and 24 (average = 14) randomly selected acini per gland were visualized at 6X magnification. The area of the acini (mm^2^) was measured using the Leica Applications Suite v.3.8.0 software. The nutritional value of each pollen was assessed in three ways: (1) by comparing the HG sizes of bees fed either of the four diets (3 pollens or no pollen), (2) by comparing HG size differences for bees fed either of the three pollen types, controlling for differences in consumption, and (3) for each of the three pollen types, regressing the mean acinus size for each cage against the average amount of pollen consumed by the bees in that cage. In the first comparison, we analyzed the data for HG size of bees fed the four diets. For this dataset, the average acinus size for each bee was calculated and square root transformed to improve normality. The transformed data were analyzed using an ANOVA where pollen type, cage, and pollen type x cage were the independent variables. Pairwise differences between each pollen type and the no pollen treatment were evaluated using a Tukey's HSD test. Because consumption might impact gland size, we next focused on just the bees fed pollen and performed the second comparison listed above. We tested whether pollen type, consumption, and consumption x pollen type significantly impacted the average cage-wide acinus measurement. The data were normally distributed and were analyzed using an ANOVA. In the third comparison, as an additional *post hoc* way to determine the nutritional value of the different pollens, the mean cage-wide acinus size was regressed against the average amount of pollen consumed by the bees in each cage provided with pollen. The slope was calculated for each pollen type to provide an index for amount of HG growth each unit of consumed pollen provides \[[@pone.0191050.ref017]\].

Natural pollen choice assays {#sec007}
----------------------------

Preference for one pollen over another was assayed through pairwise choice assays. Approximately 50 bees ≤18h old were set up in cages as described above. Sucrose (50% w/v), water, and pollen were provided *ad libitum*. The bees in each cage were provided with two pollen types: almond and desert, almond and SE, or desert and SE. The pollens were freshly ground upon removal from the -20°C freezer using a coffee grinder and were weighed prior to feeding. The bees were monitored for 8 days and fresh pollen was provided daily. Mortality was negligible in each cage (≤3 bees over 8d); dead bees were removed daily. Five cages were set up for the SE/desert and almond/desert assays. Ten cages were initially set up in two separate trials (performed at two different times) for the almond/SE cages, but only nine were monitored over the 8d period (one cage in the second trial failed due to a faulty sugar bottle). Pollen consumption was recorded daily for 8d and the total amount of each pollen type that was consumed by the bees in each cage was compared. A modified Levene's test \[[@pone.0191050.ref026]\] was used to determine whether the one pollen type was preferred over the other.

Supplemented pollen choice assays {#sec008}
---------------------------------

In bumblebees, the ratio of protein to lipids is implicated in pollen choice \[[@pone.0191050.ref062]\], suggesting that they can detect the ratio of protein to lipids in pollen and consume more of these optimally balanced pollens accordingly. In the natural pollen choice assays, the desert pollens were consumed more than the SE pollen, and we wondered if this was because the desert pollen had a lower protein to lipid ratio (P:L) of 3.5 than SE pollen (P:L = 6.27). To address this, we performed a series of choice experiments using supplemented and natural pollens. We hypothesized that if nurse bees detect the P:L ratios of pollens and choose pollens based on their nutritional value, they will preferentially consume pollens with the P:L = 3.5. We tested this hypothesis in three ways. First, we asked whether SE pollen could be made as equally attractive as the natural desert pollen by adding lipids and reducing its P:L ratio to 3.5 (Experiment 1 in [Table 1](#pone.0191050.t001){ref-type="table"}). Next, we asked whether supplemented SE pollen could be made more attractive than the natural SE pollen by adding lipids and decreasing its P:L ratio to 3.5 (Experiment 2 in [Table 1](#pone.0191050.t001){ref-type="table"}). Last, we asked whether we could increase the nurses' preference for the SE pollen by decreasing its P:L ratio while keeping the concentration of lipids and proteins in the two diets equal (Experiment 3 in [Table 1](#pone.0191050.t001){ref-type="table"}). This last comparison was made to separate the effect of the concentration of lipids and proteins from the actual P:L ratio. If a certain P:L ratio is detected and preferred by nurse bees, experiment 1, 2, and 3 should hold true to the expected outcomes indicated in [Table 1](#pone.0191050.t001){ref-type="table"}. If only lipid content is detected and preferred by nurse bees, only experiment 2 should hold true. If non-nutritional factors impact pollen consumption, none of the experiments will show the expected results.

10.1371/journal.pone.0191050.t001

###### Protein and lipid content of supplemented and natural, un-supplemented pollens (shaded) used in the supplemented pollen choice assays.

![](pone.0191050.t001){#pone.0191050.t001g}

  Experiment (expectation)   Pollen A          Protein (mg/g pollen)   Lipid (mg/g pollen)   P:L   Pollen B              Protein (mg/g pollen)   Lipid (mg/g pollen)   P:L
  -------------------------- ----------------- ----------------------- --------------------- ----- --------------------- ----------------------- --------------------- ------
  1 (pollen A = pollen B)    Supplemented SE   414                     118.3                 3.5   Natural desert        326                     93                    3.5
  2 (pollen A \> pollen B)   Supplemented SE   414                     118.3                 3.5   Natural SE            414                     66                    6.27
  3 (pollen A = pollen B)    Supplemented SE   414                     118.3                 3.5   Supplemented desert   414                     118.3                 3.5

Natural pollens were supplemented with either protein (bovine casein (Sigma)) or lipids (soy lecithin (Alfa Aesar)) as in \[[@pone.0191050.ref062], [@pone.0191050.ref063]\]. The final concentration of the proteins and lipids and the protein to lipid ratios (P:L) of these pollens in each choice experiment is indicated in [Table 1](#pone.0191050.t001){ref-type="table"}. Supplemented SE pollen was made by mixing 52.3 mg/g of lecithin and 30% w/v of sucrose with the SE pollen. This yielded a mix containing 414 μg of protein and 118.3 μg of lipids per mg of pollen and a P:L ratio of 3.5. Supplemented desert pollen was made by adding 88 mg/g of casein, 25.3 mg/g of lecithin, and 50% w/v of 30% sucrose into the desert pollen. This yielded a mix containing 414 μg of protein and 118.3 μg of lipids per mg of pollen and a P:L ratio of 3.5.

Thirty cages containing \~50 newly emerged workers were constructed. The bees in these cages were presented with the following choices: supplemented SE versus natural desert pollen (N = 10 cages; Hypothesis 1), supplemented SE versus natural SE pollen (N = 10 cages; Hypothesis 2), or supplemented SE versus supplemented desert pollens (N = 10 cages; Hypothesis 3). Consumption of the pollens was measured after seven days. The mean consumption of each diet was compared using a modified Levene's test.

Liquid diet choice assays {#sec009}
-------------------------

Honey bees and bumblebees consume liquid diets that optimize their survival \[[@pone.0191050.ref057], [@pone.0191050.ref063]\]. Because HG development requires dietary protein and lipids, we tested whether nurse aged bees preferred certain ratios of protein and lipid (P:L ratio). Liquid diets were comprised using bovine casein (Sigma) as the protein source or soy lecithin (Alfa Aesar) as the lipid source as in \[[@pone.0191050.ref063]\]. P:L ratios were either 2.6:1, 3.5:1, or 6.27:1 to reflect the ratios observed in the almond, desert, and SE pollens, respectively. Thirty cages containing 50--100 newly emerged workers were constructed as described above. Bees were provided with water and 50% w/v sucrose *ad libitum*. The bees were also provided with two liquid diets that contained 30% w/v sucrose and dissolved casein and lecithin in the following ratios: 3.5:1 P:L and 2.6:1 P:L (N = 10 cages), 2.6:1 P:L and 6.27:1 P:L (N = 10 cages), and 3.5:1 P:L and 6.27:1 P:L (N = 10 cages). Liquid diets were provided *ad libitum*. Total consumption of either liquid diet was measured after one week. Differences in total consumption were compared using a modified Levene's test. Cages with significant mortality (\<30 bees alive after one week) were excluded from further analyses.

Results {#sec010}
=======

Pesticide analysis {#sec011}
------------------

The almond, desert, and SE pollens were free of or exhibited trace amounts of virtually all of the pesticides tested for ([Table 2](#pone.0191050.t002){ref-type="table"}). SE pollen had low amounts of DMPF, a product of Amitraz (a miticide) breakdown, and fluvalinate that were close to the limits of detection (LOD). The desert pollen contained the herbicide pendimethalin that was also close to the LOD. The almond pollen had DMPF, chlorpyrifos (an insecticide), and oxyfluorfen (an herbicide) that were close to the LOD. Almond pollen also had levels of cyprodinil (a fungicide), esfenvalerate (an insecticide), and pendimethalin (an herbicide) that were present in three to four times the LOD.

10.1371/journal.pone.0191050.t002

###### Pesticide content (ppb) of the three pollens.

![](pone.0191050.t002){#pone.0191050.t002g}

  Pesticide                             LOD (ppb)[^A^](#t002fn001){ref-type="table-fn"}   Southeast                                     Desert                                      Almond
  ------------------------------------- ------------------------------------------------- --------------------------------------------- ------------------------------------------- --------
  2,4 Dimethylphenyl formamide (DMPF)   5                                                 9                                             \- [^B^](#t002fn002){ref-type="table-fn"}   7
  Carbendazim (MBC)                     5                                                 Trace[^C^](#t002fn003){ref-type="table-fn"}   Trace                                       \-
  Chlorpyrifos                          5                                                 Trace                                         \-                                          7
  Coumaphos                             3                                                 \-                                            \-                                          Trace
  Cyprodinil                            10                                                \-                                            \-                                          40
  Esfenvalerate                         5                                                 \-                                            \-                                          14
  Fluopyram                             5                                                 \-                                            \-                                          Trace
  Fluvalinate                           5                                                 9                                             \-                                          \-
  Imidacloprid                          6                                                 \-                                            Trace                                       \-
  Metalaxyl Total                       5                                                 Trace                                         \-                                          \-
  Methoxyfenozide                       5                                                 \-                                            \-                                          Trace
  Oxyfluorfen                           5                                                 \-                                            \-                                          7
  Pendimethalin                         15                                                \-                                            15                                          56
  Piperonyl butoxide                    15                                                \-                                            Trace                                       \-
  Propargite                            15                                                Trace                                         \-                                          Trace
  Pyraclostrobin                        5                                                 \-                                            Trace                                       \-
  Thymol                                50                                                Trace                                         Trace                                       Trace
  Trifluralin                           5                                                 Trace                                         \-                                          \-

^A^ Limit of detection in parts per billion (ppb).

^B^ "-"= Not detected.

^C^ Trace values are \>0 but too close to the limits of detection to be reliably determined.

Pollen plant type analysis {#sec012}
--------------------------

Light microscopy revealed that the almond, desert, and SE pollens contained grains from 1, 9, and 11 plant taxa, respectively ([Table 3](#pone.0191050.t003){ref-type="table"}). Almond was therefore the least taxon rich sample of pollen, while desert and SE were comparable. The pollens were also comprised of grains from different plant taxa. All of the almond pollen grains were from plants of the genus *Prunus*; almond is *Prunus dulcis*. SE pollen contained mostly grains from the Brassicaceae (38%), *Vicia* sp. (vetch; 21%), *Trifolium*/*Melilotus* sp. (clover; 12%), and *Artemisia* sp. (wormwood or sage; 7%). Desert pollen contained grains from *Fraxinus* sp. (ash; 45%), *Prosopis* sp. (mesquite; 19%), *Pistacia* sp. (Chinese pistache; 11%), Brassicaceae (10%), and *Eucalyptus*/*Melaleuca*/*Eugenia* sp. (8%). All other taxa were ≤ 5% abundance.

10.1371/journal.pone.0191050.t003

###### Diversity of pollen grains in pollens based on light microscopy and ITS sequencing.
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  Plant taxon                            Almond   Southeast   Desert              
  -------------------------------------- -------- ----------- -------- ----- ---- -----
  Amaranthaceae (amaranth & goosefoot)   0        0           0        5     0    0
  *Artemisia* (sagebrush)                0        0           0        7     0    0
  Asteraceae (dandelion-type)            0        0           0        4     0    0
  Asteraceae (sunflower-type)            0        0           8        1     0    0
  *Astragalus* (milk vetch)              0        0           0        0.4   0    0
  Brassicaceae (mustard family)          0        0           3        38    1    10
  Caryophyllaceae                        0        0           0        1     0    0
  *Centaurea* (thistle)                  0        0           0        1     0    0
  *Cirsium* (thistle)                    0        0           0        2     0    0
  *Dalea* (prairie clover)               0        0           0        0.4   0    0
  *Eucalyptus* (gum)                     0        0           0        0     0    8
  Fabaceae (legumes)                     0        0           0        0     0    2
  *Fraxinus* (ash)                       0        0           0        0.4   31   45
  *Leucaena* (leadtree)                  0        0           0        0     0    0.5
  *Leucophyllum* (cenizo, sage)          0        0           0        0     0    1
  *Larrea* sp. (creosote)                0        0           0        0     31   0
  *Phoradendron* sp. (mistletoe)         0        0           0        0     35   0
  *Pistacia* (pistacia)                  0        0           0        0     0    11
  *Platanus* (sycamore)                  0        0           0        0     0    3
  *Prosopis* (mesquite)                  0        0           0        0     1    19
  *Prunus* sp.                           100      100         4        0     0    0
  Rosaceae (rose family)                 0        0           0        6     0    0
  *Salix* (willow)                       0        0           0        0.4   0    0
  *Trifolium/Melilotus* (clover)         0        0           0        12    0    0
  *Vicia* (vetch)                        0        0           77       21    0    0
  *Caltha* sp.                           0        0           7        0     0    0
  *Citrus* sp.                           0        0           1        0     0    0
  Unknown pollen                         0        0           0        0.4   0    1
  Sequences or grains examined           85       210         73       255   83   219
  Taxa observed                          1        1           6        11    5    9

The ITS sequencing revealed slightly different patterns than the light microscopy ([Table 3](#pone.0191050.t003){ref-type="table"}). The almond pollen contained 11 poor quality sequences and 85 good quality sequences that could be identified by sequence similarity to the NCBI nucleotide database. All sequences were from *Prunus* sp. The SE pollen had a large number of sequences that were either poor quality or unidentifiable (23 sequences) or that matched to fungal sequences in the NCBI nucleotide database (5 sequences). The 73 SE pollen sequences that remained had a large number of *Vicia* sp. (vetch; 77%) as well as Asteraceae (sunflower; 8%), Brassicaceae (mustard; 3%), *Prunus* sp. (4%), *Caltha* sp. (buttercup; 7%), and *Citrus* sp. (1%) sequences. Thirteen of the desert sequences were poor quality and could not be used for further analysis. The remaining 83 sequences were from a variety of desert plants, including *Larrea* sp. (creosote; 31%), *Phoradendron* sp. (desert mistletoe; 35%), and *Prosopis* sp. (mesquite; 1%). Similar to what was found with the microcopy, the ITS sequence-based data showed that almond was the least taxon rich sample of pollen (1 taxon), while desert and SE were comparable and were from 5 and 6 plant taxa, respectively.

In some cases, the taxa found in using one method were not found using the other method ([Fig 1](#pone.0191050.g001){ref-type="fig"}). For example, for the SE pollen, the ITS dataset contained sequences from *Caltha* sp., *Prunus* sp., and *Citrus* sp. but the light microscopy did not. Conversely, the light microscopy found twelve taxa not seen in the ITS dataset. The two methods were both successful at finding grains from Brassicaceae, *Vicia* sp., and Asteraceae (sunflower-type). For the desert pollen, the two methods detected *Fraxinus* sp., *Prosopis* sp., and Brassicaceae pollens. Only ITS detected *Phoradendron* sp. and *Larrea* sp. pollens, and only microscopy detected *Eucalyptus* sp., *Platanus* sp., Fabaceae, *Leucophyllum* sp., and *Leucaena* sp. pollens.

![Venn diagram representing the types of plant taxa identified in honey bee-collected pollens.\
The number of plant taxa from pollens from the Southeastern United States ("SE") and the desert are shown and were catalogued using ITS sequences and light microscopy.](pone.0191050.g001){#pone.0191050.g001}

Pollen nutrient analyses {#sec013}
------------------------

The SE pollen (414 mg/g of pollen) had the highest amount of total soluble protein, followed by the desert (326 mg/g of pollen) and almond (283 mg/g of pollen) pollens. The lipid content was highest in the almond pollen (109 mg/g of pollen), followed by the desert (93 mg/g of pollen) and SE (66 mg/g of pollen) pollens. This yielded a protein:lipid (P:L) ratio that was highest in the SE pollen (P:L = 6.27), followed by the desert (P:L = 3.50) and almond (P:L = 2.60) pollens.

The amino acid profile of the three pollens differed ([Table 4](#pone.0191050.t004){ref-type="table"}). Almond pollen had the greatest amount of lysine, threonine, valine, glycine, and proline. Desert pollen was highest in histidine, methionine, phenylalanine, arginine, cysteine, and tyrosine. SE pollen was highest in isoleucine, leucine, serine, alanine, aspartate, and glutamate.

10.1371/journal.pone.0191050.t004

###### Amino acids present in each pollen type.
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  Amino acid (ug/ml)   Almond     Desert     Southeast
  -------------------- ---------- ---------- -----------
  *Essential*                                
  Histidine            9.448486   13.67088   6.622645
  Isoleucine           14.48419   13.24066   14.86945
  Leucine              21.34955   19.87424   21.47902
  Lysine               12.10468   5.759523   11.7987
  Methionine           15.14506   18.47667   9.88756
  Phenylalanine        21.0837    24.94782   18.57727
  Threonine            13.63694   13.39537   13.5351
  Valine               17.97619   16.11309   17.06994
  *Conditional*                              
  Arginine             16.13717   18.10809   14.2396
  Cysteine             6.822342   10.07631   8.243658
  Glycine              16.668     14.86437   16.23712
  Proline              30.14533   23.70501   16.17188
  Serine               12.14139   12.35337   12.37291
  Tyrosine             5.942106   6.386745   4.657655
  *Nonessential*                             
  Alanine              12.34408   10.10775   12.70072
  Aspartate            14.06422   13.22061   14.20677
  Glutamate            17.53759   17.20463   17.69752

The fatty acid profile of the pollens also differed ([Table 5](#pone.0191050.t005){ref-type="table"}). SE pollen was highest in myristic (14:0), palmitic (16:0), stearic (18:0), α-linolenic (18:3), arachidic (20:0), erucic (22:1), and cervonic (22:6 (n-3)) acids but lowest in palmitoleic (16:1), margaric (17:0), oleic (18:1 (n-9)), linoleic (18:2), behenic (22:0), and lignoceric (24:0) acids. Almond pollen was highest in behenic acid (22:0) and lignoceric acid (24:0) and lowest in palmitic (16:0), stearic (18:0), vaccenic (18:1 (n-7)), and erucic (22:1) acids. Desert pollen was highest in palmitoleic (16:1), margaric (17:0), oleic (18:1 (n-9)), vaccenic (18:1 (n-7)), linoleic (18:2), and behenic (22:0) acids and lowest in myristic (14:0), α-linolenic (18:3), and arachidic (20:0) acids. Total omega fatty acid content was highest in the almond pollen and lowest in the SE pollen. The omega-6:omega-3 ratio was highest in the desert pollen and lowest in the SE pollen.

10.1371/journal.pone.0191050.t005

###### Fatty acids (FAs) present in the different pollen types.
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  Common name                                              FA name       Southeast                                   Almond   Desert
  -------------------------------------------------------- ------------- ------------------------------------------- -------- --------
  Myristic acid                                            14--0         2.0[^A^](#t005fn001){ref-type="table-fn"}   0.1      0
  Palmitic acid                                            16--0         20.0                                        16.8     18.3
  Palmitoleic acid                                         16--1         0                                           0.4      0.5
  Margaric acid                                            17--0         13.8                                        17.5     18.0
  Stearic acid                                             18--0         2.3                                         1.1      1.4
  Oleic acid                                               18--1 (n-9)   4.0                                         4.2      6.7
  Vaccenic acid                                            18--1 (n-7)   0.5                                         0.4      0.5
  Linoleic acid[^B^](#t005fn002){ref-type="table-fn"}      18--2         9.8                                         30.9     33.5
  α-Linolenic acid[^C^](#t005fn003){ref-type="table-fn"}   18--3         32.3                                        23.0     16.7
  Arachidic acid                                           20--0         0.8                                         0.8      0.2
  Gondoic acid                                             20--1         0                                           0        2.1
  Behenic acid                                             22--0         0                                           1.7      0.3
  Erucic acid                                              22--1         3.7                                         0        0.5
  Cervonic acid                                            22--6 (n-3)   1.8                                         0        0
  Lignoceric acid                                          24--0         0                                           1.3      0.6

^A^ Each value is represented as the percent of total area under the curve generated by GC-MS FAME analysis and represent relative amounts.

^B^ Omega-6 fatty acid.

^C^ Omega-3 fatty acid.

Seven sterols could be reliably identified based on their retention times ([Table 6](#pone.0191050.t006){ref-type="table"}). Almond pollen was highest in stigmasterol, γ-sitosterol, and rubrosterone and lowest in 29-methylisofucosterol. SE pollen was highest in 24-methylenecholesterol, cholest-23-ene, 9,19-cyclochloestene-3,7-diol, 4,14-dimethyl-, 3-acetate, and 29-methylisofucosterol. Desert pollen had a low relative abundance of almost all of the sterols detected except for rubrosterone.

10.1371/journal.pone.0191050.t006

###### Sterol content of the different pollens.
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                                                                                      Pollen                                                          
  ---------------------------------------------------------- ---------------- ------- ------------------------------------------------ -------------- --------------
  Stigmasterol                                               C~29~H~48~O      9.12    0.00025 [^A^](#t006fn001){ref-type="table-fn"}   0.00010        1.3 x 10^−5^
  24-methylenecholesterol                                    C~28~H~46~O      9.21    1.4 x 10^−5^                                     1.4 x 10^−5^   N.D.
  5β -Cholest-23-ene                                         C~27~H~46~       9.36    N.D.                                             1.7 x 10^−5^   N.D.
  9,19-cyclochloestene-3,7-diol, 4,14-dimethyl-, 3-acetate   C~31~H~52~O~3~   9.56    N.D.                                             4.1 x 10^−5^   N.D.
  γ-sitosterol                                               C~29~H~50~O      9.66    1.0 x 10^−5^                                     N.D.           N.D.
  29-methylisofucosterol                                     C~30~H~50~O      9.77    1.4 x 10^−5^                                     4.3 x 10^−5^   1.5 x 10^−5^
  Rubrosterone                                               C~19~H~26~O~5~   11.30   4.7 x 10^−5^                                     1.2 x 10^−5^   1.4 x 10^−5^

^A^ Each value is represented as the percent of total area under the curve and represent relative amounts.

Hypopharyngeal gland (HG) sizes by pollen type {#sec014}
----------------------------------------------

Bees fed either the desert (average HG acinus size = 0.03 mm^2^ ± 0.001 S.E.) or almond pollen (average HG acinus size = 0.021 mm^2^ ± 0.001 S.E.) had the largest HGs, followed by bees fed SE pollen (average HG acinus size = 0.017 mm^2^ ± 0.0005 S.E.). Bees fed no pollen had the smallest HG acinus size (average HG acinus size = 0.014 mm^2^ ± 0.0005 S.E.). Hypopharyngeal gland size differed according to pollen type ([Fig 2](#pone.0191050.g002){ref-type="fig"}). Pollen type (F~3,180~ = 35.45, p\<0.0001, [Fig 2A](#pone.0191050.g002){ref-type="fig"}), cage (F~4,180~ = 16.11, p\<0.0001), and the pollen type x cage (F~12,180~ = 11.11, p\<0.0001) interaction significantly impacted HG size for the data set that included bees fed no pollen (i.e., the first comparison outlined in the methods). The desert and almond pollens resulted in a similar increase in HG size over those from bees fed no pollen. The SE pollen provided a smaller increase in HG size over those from bees fed no pollen. For the data set summarizing the HG sizes for only bees fed pollen (i.e., the second comparison outlined in the methods), pollen type (F~2,9~ = 6.40, p = 0.018; [Fig 2B](#pone.0191050.g002){ref-type="fig"}) and consumption (F~1,9~ = 21.17, p = 0.001) significantly impacted the cage-wide HG acinus sizes. The interaction between consumption and diet did not impact HG size. Accounting for consumption, the almond pollen conferred the greatest amount of HG growth and was significantly higher than the SE pollen, which provided the least nutrition. The desert pollen provided a medium level of nutrition that was not significantly different from the almond or SE pollens. The slope of the average acinus size per cage regressed against the average amount of pollen consumed by the bees in that cage provided a nutritional index for each pollen (i.e., the third comparison outlined in the methods). The almond and desert pollens yielded roughly equal HG growth per unit of pollen consumed (almond pollen slope = 0.0063; desert pollen slope = 0.0062). The SE pollen yielded the least amount of growth per unit of consumption (SE pollen slope = 0.0031).

![**Hypopharyngeal gland (HG) sizes differed according to diet when consumption was not (A) or was (B) accounted for.** Gland size is represented by the least square (LS) mean estimate of (A) the square root transformed average acinus size (mm^2^) or (B) the average acinus size (mm^2^) relative to pollen type (see [methods](#sec002){ref-type="sec"}). Bees were fed for 8d on each of the three diets. "SE" indicates pollen from the Southeastern United States. Bars with different letters are significantly different (p\<0.05). Error bars represent S.E. around the LS mean values.](pone.0191050.g002){#pone.0191050.g002}

Natural pollen choice assays {#sec015}
----------------------------

Three types of choice cages were constructed: almond versus desert pollen, almond versus SE pollen, and desert versus SE pollen. Overall, the bees consumed more pollen from the cages where almond and desert pollens were provided (average total amount consumed = 3.96 g ± 0.51 S.E. per cage) and where SE and desert pollens were provided (average total amount consumed = 3.44 g ± 0.30 S.E. per cage) compared to the cages where the SE and almond pollens were provided (average total amount consumed = 1.56 g ± 0.23 S.E. per cage). In the cages where bees were presented with almond or desert pollen (N = 5 cages), the bees consumed more desert pollen on average (\|t~4~\| = 11.62, p = 0.0003; [Fig 3A](#pone.0191050.g003){ref-type="fig"}). When given a choice between desert and SE pollen, the bees consumed more desert pollen compared to SE pollen (\|t~4~\| = 9.75, p = 0.0006; [Fig 3B](#pone.0191050.g003){ref-type="fig"}). When presented with almond and SE pollen (N = 9 cages), the bees preferred the SE pollen in 5 cages and the almond pollen in 4 of the cages ([Fig 3C](#pone.0191050.g003){ref-type="fig"}) and the average amount of either type of pollen consumed per cage was not statistically different.

![Pollen (g) consumed by bees in each cage in choice assays.\
Consumption is shown for each cage for pairwise comparisons between (A) almond and desert, (B) desert and SE, or (C) almond and SE pollens. Average (AV) consumption over all cages is also shown. For each panel, both types of pollen were provided *ad libitum* and the total amount of pollen consumed over 7d was recorded. For panels A and B, there were significant differences in consumption (p\<0.001). In panel C, consumption did not differ. Experiments in panel C were conducted in two different trials at two different times.](pone.0191050.g003){#pone.0191050.g003}

Supplemented pollen choice assays {#sec016}
---------------------------------

In the cages presented with supplemented SE pollen and natural SE pollen, the bees preferred the natural SE pollen (average consumption of natural SE pollen = 2.35 g ± 0.12 S.E., average consumption of supplemented SE pollen = 1.02 g ± 0.04 S.E.; \|t~9~\| = 13.35, p\<0.0001; [Fig 4A](#pone.0191050.g004){ref-type="fig"}). This suggested that the added casein and lecithin may have been distasteful for the bees. In the cages presented with natural desert pollen and supplemented SE pollen, the bees preferred the natural desert pollen (average consumption of natural desert pollen = 2.84 g ± 0.10 S.E., average consumption of supplemented SE pollen = 0.94 g ± 0.02 S.E.; \|t~9~\| = 33.88, p\<0.0001; [Fig 4B](#pone.0191050.g004){ref-type="fig"}). In the cages provided with the supplemented SE and supplemented desert pollens, the bees preferred the supplemented desert pollen (average consumption of supplemented desert pollen = 2.87 g ± 0.22 S.E., average consumption of supplemented SE pollen = 0.97 g ± 0.04 S.E.; \|t~9~\| = 13.00, p\<0.0001; [Fig 4C](#pone.0191050.g004){ref-type="fig"}). Therefore, pollen choice was not greatly influenced by manipulating the P:L ratio.

![Average pollen (g) consumed by bees in each in supplemented pollen choice assays.\
Both types of pollen were provided *ad libitum* and the total amount of pollen consumed over 7 days was recorded. The error bars represent the S.E. around the mean consumption. Significant differences (p\<0.0001) were observed in all comparisons. "SE" indicates pollen from the Southeastern United States.](pone.0191050.g004){#pone.0191050.g004}

Liquid diet choice assays {#sec017}
-------------------------

For the 8 surviving cages fed the 2.6:1 P:L and 6.27:1 P:L diets, each cage consumed an average of 2.38 g of diet, 1.29 g ± 0.21 S.E. of the 2.6:1 diet and 1.09 g ± 0.06 S.E. of the 6.27:1 diet. For the 8 surviving cages fed the 3.5:1 P:L and 2.6:1 liquid diets, each cage consumed an average of 2.08 g of diet, 0.96 g ± 0.07 S.E. of the 3.5:1 diet and 1.12 g ± 0.10 S.E. of the 2.6:1 diet. For the 7 surviving cages fed the 3.5:1 P:L and 6.27:1 P:L diets, each cage consumed an average of 2.20 g of diet, 1.02 g ± 0.04 of the 3.5:1 diet and 1.18 g ± 0.20 S.E. of the 6.27:1 diet. Consumption of either liquid diet was not significantly different for any of the comparisons.

Discussion {#sec018}
==========

We catalogued the nutritive properties and plant taxon richness of three different honey bee collected pollens (almond, desert, and Southeast/SE pollen). We asked whether certain pollens promoted greater HG growth than others and whether nurse bees preferred pollens that promote gland growth. We also conducted choice assays with supplemented pollens and liquid diets to test whether choice was influenced by the content and ratios of protein and lipids, as is it is in bumblebees \[[@pone.0191050.ref062], [@pone.0191050.ref063]\]. The three pollens varied in their lipid and protein content, their fatty acid, sterol, and amino acid profiles, and the number of plant taxa found in the pollens. Bees tended to have larger glands when fed almond or desert pollens compared to SE pollen, and these nutritious pollens contained higher amounts of certain amino acids and fatty acids and lower P:L ratios. HG gland size was not influenced by the number of plant taxa in the pollen sample. In paired choice assays with natural un-supplemented pollen, nurses preferred the nutritious or taxon rich pollens. In these natural pollen choice assays, we noted that the consumption of the desert pollen was rather high compared to the other two types of pollens. To more closely examine the question of whether desert pollen was simply more attractive or whether nutrition influenced pollen choice, we performed two additional choice experiments using either supplemented pollens or liquid diets that mimicked the P:L ratios of the natural pollens. Supplementing natural pollens with protein or lipids made undesirable pollens only slightly more desirable. Also, nurses prefer any of the liquid diets. In sum, we find that nutritional value varies among pollen types, nutritional value (as measured by HG size) may be related to the presence of certain nutrients in the pollens but not the taxon richness, and that nutritional value plays a minimal role in nurse bee diet choice.

Both ITS sequencing and light microscopy showed that the three pollens differed in the number and type of plant taxa. The two methods used to assay the types of plant taxa contributing to the pollen grains differed. Differences are not uncommon, but usually fall in the other direction, with greater diversity detected using ITS barcoding \[[@pone.0191050.ref028], [@pone.0191050.ref029], [@pone.0191050.ref064]\]. It may be that the ITS clone libraries did not adequately sample the taxa present in the sample. Taxon richness increased in the same fashion regardless of methodology, with the most taxa found in the SE pollen, slightly fewer taxa in the desert pollen, and substantially fewer taxa in the almond pollen. That the almond pollen was so homogenous is unsurprising given that it was collected from hives during almond pollination. Even when other plants are blooming, honey bee visitation to almond blooms is not reduced \[[@pone.0191050.ref065]\]. In addition to differences in the number of taxa present in the pollen mixtures, the type of plants comprising the pollens differed tremendously. None of the plant taxa from one pollen type was found in the other two. This was also expected, because the pollens were sourced from very different areas of the United States.

Hypopharyngeal gland size differed according to diet, with the almond and desert pollens causing the most growth and the SE pollen causing the least amount of growth. Additionally, the slope of HG size regressed against consumption was highest in the desert and almond pollens, suggesting that these diets provided more nutrition per unit of consumption than the SE pollen. The pollens that were most nutritious (as defined by HG growth) were high in the amino acids histidine, methionine, proline, and tyrosine and palmitoleic, margaric, and linoleic fatty acids. Omar *et al*. \[[@pone.0191050.ref066]\] also found that pollens that stimulated HG growth were high in phenylalanine and arginine. Nutritious pollens also had lower P:L ratios, suggesting that lipids are important for HG development. Consistent with other studies \[[@pone.0191050.ref004], [@pone.0191050.ref006]\], we found that HG size is not positively related with total pollen protein content, suggesting that protein content alone is not the most important metric influencing HG size. In contrast to previous work \[[@pone.0191050.ref067]\], we did not find a relationship between α-linolenic acid and HG size.

We used a series of choice assays to test the hypothesis that nurse bees assess the nutritional value of pollens. In these choice assays, bees were presented with natural pollens that differed in nutrition and the bees' consumption of either pollen was recorded. The bees preferred more nutritious pollens, but we also observed that bees consumed much more of the desert pollen overall, and so it was possible that they were simply more attracted to that pollen due to its non-nutritive phagostimulatory properties (i.e., microbes, secondary compounds, odors, or enzymes \[[@pone.0191050.ref039], [@pone.0191050.ref068]--[@pone.0191050.ref071]\]). To disentangle the effects of overall palatability and nutrition on choice, we conducted two additional choice experiments using supplemented or natural pollens and liquid diets as in \[[@pone.0191050.ref062], [@pone.0191050.ref063]\]. Natural and supplemented desert pollen was always more attractive than the supplemented SE pollen ([Fig 4B and 4C](#pone.0191050.g004){ref-type="fig"}), so simply adding lipid and/or protein could not totally reconcile the consumption differences between the SE and desert pollens. This may have been because the SE pollen was unattractive to the bees ([Fig 3B](#pone.0191050.g003){ref-type="fig"}). However, the supplement itself was not distasteful because supplementation did not impact the consumption of the desert pollen ([Fig 4B and 4C](#pone.0191050.g004){ref-type="fig"}). Although supplementation of the SE pollen did not increase its consumption relative to the natural and supplemented desert pollens, there was a greater difference in consumption when bees were provided with natural desert pollen and natural SE pollen ([Fig 3B](#pone.0191050.g003){ref-type="fig"}; 5.6 fold difference between pollen types) compared to when they were provided with natural desert pollen and supplemented SE pollen ([Fig 4B](#pone.0191050.g004){ref-type="fig"}; 3.0 fold difference between pollen types). This was also true when the desert pollen was supplemented ([Fig 4C](#pone.0191050.g004){ref-type="fig"}). So P:L ratios themselves, irrespective of total protein and lipid content, may exert a very subtle influence on nurse choice. With respect to the liquid diet choice assay, when nurse bees were presented with liquid diets containing P:L ratios equal to those found in natural pollens, they did not prefer one diet over the other. Although the results of the natural pollen choice, the supplemented pollen choice, and liquid diet choice assays are mixed, the overarching theme is that nutritional value of the diet influences choice only slightly, if at all. From these three choice experiments, we conclude that, unlike in other bees \[[@pone.0191050.ref032], [@pone.0191050.ref034], [@pone.0191050.ref036], [@pone.0191050.ref062], [@pone.0191050.ref063]\], the nutritional value of pollen did not impact its consumption, suggesting that nurse bees either cannot or do not assess pollen quality. Behmer \[[@pone.0191050.ref027]\] suggested that insect herbivores may not regulate the intake of nutrients if only small amounts are required and if they are abundant in forage. Perhaps a preference would have emerged if these nurses were under greater nutritional duress or if brood was present.

Several studies show that pollen diversity benefits honey bee health when the bee is immune challenged \[[@pone.0191050.ref005], [@pone.0191050.ref006], [@pone.0191050.ref011]\], but under healthy conditions the benefit of diversity is unclear. We did not observe a relationship between HG size and plant taxon richness. Bees fed almond pollen, the least taxon rich of the three pollens tested, had HGs that were equal in size to bees fed a taxon-rich diet of desert pollen. Bees fed almond pollen also had glands that were larger than bees fed SE pollen, which was approximately as diverse as the desert pollen. In choice assays, the bees preferred the more diverse pollens, but because of the results of the other choice experiments (see above) and because HG size was not correlated with taxon richness, the increased attractiveness of the taxon rich pollen is likely not a reflection of its nutritional value. Instead, the more taxon-rich pollens may have presented a wider array of phagostimulants that increased their consumption over the monoculture pollen. More work should be done to address the relationship of floral diversity and nutrition, however, as the number of pollens we tested was limited.

Recent studies show that honey bee foragers choose pollens based its nutritional value \[[@pone.0191050.ref044], [@pone.0191050.ref045]\]. If foragers choose pollens to "rescue" nutritional deficiencies, how do they know what pollen to choose? Nurse bees consume the vast majority of pollens and have more pollen-digesting proteolytic activity in their guts compared to foragers \[[@pone.0191050.ref046], [@pone.0191050.ref047]\] and experience the greatest cost if quality pollen is not plentiful or highly nutritious. If nurses communicate hive pollen deficiencies to foragers \[[@pone.0191050.ref049]\], we hypothesized that they must first be able to assess pollen quality in order to then send this signal. The data from our choice assays do not support this hypothesis: while certain pollens provided more nutrition, nurse bees did not prefer higher-quality pollens. It is therefore probably not the case that nurse bees communicate nutritional deficiencies to foragers so that they are more likely to collect higher quality pollens. Further work is needed to reconcile our result with the rescue effect observed in other studies \[[@pone.0191050.ref044], [@pone.0191050.ref045]\]. One possibility for the disconnect is that this behavior depends on the nutrient in question. While certain nutrients are present on the pollen surface, others are embedded deep within the pollen grain. This might be why honey bees do not forage for resources high in protein \[[@pone.0191050.ref038], [@pone.0191050.ref040], [@pone.0191050.ref043]\], which is accessible only through lysis of the pollen grain exine, but can forage for pollens rich in fatty acids, which are present on the grain's surface \[[@pone.0191050.ref039], [@pone.0191050.ref045], [@pone.0191050.ref072], [@pone.0191050.ref073]\]. Unfortunately, foraging for resources based on the chemical profile of the pollen surface could disconnect the needs of the nurses from those of the foragers, as the nutrients most important to nurses are more abundant on the inside of the grain.
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